Abstract: The uniporter TAT1 (Slc16a10) mediates the facilitated diffusion of aromatic amino acids (AAAs) across basolateral membranes of kidney, small intestine and liver epithelial cells, and across the plasma membrane of non-epithelial cells like skeletal myocytes. Its role for body AA homeostasis has now been investigated using newly generated TAT1 (Slc16a10) defective mice (tat1(-/-)). These mice grow and reproduce normally, show no gross phenotype and no obvious neurological defect. Histological analysis did not reveal abnormalities and there is no compensatory change in any tested AA transporter mRNA. TAT1 null mice, however, display increased plasma, muscle and kidney AAA concentration under both normal and high protein diet, although this concentration remains normal in the liver. A major aromatic aminoaciduria and a smaller urinary loss of all substrates additionally transported by l-type AA antiporter Lat2-4F2hc (Slc7a8) were revealed under a high protein diet. This suggests an epithelial transport defect as also shown by the accumulation of intravenously injected (123)I-2-I-l-Phe in kidney and l-[(3)H]Phe in ex vivo everted gut sac enterocytes. Taken together, these data indicate that the uniporter TAT1 is required to equilibrate the concentration of AAAs across specific membranes. For instance, it enables hepatocytes to function as a sink that controls the extracellular AAAs concentration. Additionally, it facilitates the release of AAAs across the basolateral membrane of small intestine and proximal kidney tubule epithelial cells, thereby allowing the efflux of other neutral AAs presumably via Lat2-4F2hc. -TAT1 null mice lack liver control of aromatic amino acids and display altered epithelial amino acid transport.
Dietary and endogenous proteins are hydrolyzed in the gastrointestinal lumen to tripeptides, di-peptides and individual amino acids (AAs) that are taken up by small intestine enterocytes (Nassl et al., 2011) . These cells hydrolyze the oligopeptides into single AAs and also further metabolize some of them. Finally, they release most AAs into the portal circulation, thereby strongly influencing the rate of AA appearance in plasma (Cynober, 2002; Wu, 2009) . It is noteworthy that the amount of free AAs transported daily from the enterocytes into the circulation is much larger than the free AA pool of the plasma and extracellular space (~100 g per day versus less than 10 g), such that their uptake into tissues is crucial for maintaining extracellular AA homeostasis (Cynober, 2002) . In the cells of different organs, AAs may then serve as building blocks for the synthesis of structural and functional proteins, may be used for cellular metabolism or function as signalling molecules Wu, 2009 ).
Therefore, AA transfer across plasma membranes via various cooperating AA transporters plays a crucial role for body AA homeostasis and the defect of transporters leads to several diseases Broer & Palacin, 2011) .
The best characterized basolateral AA transporters of the small intestine and proximal kidney tubule (re)absorbing epithelia are the abundant Lat2-4F2hc (Slc7a8) and y + Lat1-4F2hc (Slc7a7) that function as obligatory exchangers (antiporters). Thus, they do not mediate net AA transport, but are suggested to perform the directional transport of all their substrate AAs in exchange for AAs that can be recycled across the membrane by parallel transporters able to mediate a directional flux (Pfeiffer et al., 1999; Meier et al., 2002; Fernandez et al., 2003; Verrey, 2003; Verrey et al., 2009 ).
The role of Lat2-4F2hc has been recently investigated in vivo using a lat2 defective mouse (Braun et al., 2011) . Its phenotype was mild, presenting an increase in several small neutral AAs in serum and a corresponding minor aminoaciduria. Based on these published data we estimate that the observed small urinary AA loss of lat2 null mice is not due to a decreased fractional excretion of AAs and therefore surprisingly does not point to a substantial epithelial AA transport defect (Braun et al., 2011) . Interestingly, aromatic amino acids (AAAs) were not elevated in the serum of lat2 null mice, suggesting that another AA transporter plays here a dominant role, possibly the T-type aromatic AA transporter TAT1 (Slc16a10) which was found slightly upregulated in the kidney of lat2 null animals. This transporter was molecularly identified and first characterized in 2001 by Endou and co-workers (Kim et al., 2001) . In a later study, we have demonstrated using the Xenopus laevis oocyte expression system that TAT1
functions as a facilitated diffusion pathway which mediates the transport of AAAs LPhe, L-Trp and L-Tyr with symmetric low apparent affinities, for instance with a K 0.5 of approximately 30 mM for L-Phe influx and efflux (Ramadan et al., 2006) . Interestingly, TAT1 protein was shown to co-localize in the kidney proximal tubule with the two exchangers mentioned above (Ramadan et al., 2007) and also to localize to the basolateral membrane of small intestine enterocytes and the sinusoidal membrane of perivenous hepatocytes (Ramadan et al., 2006) . The analysis of tat1 mRNA expression by real time PCR revealed its presence in the epithelial tissues mentioned above and also in muscles and brain (Ramadan et al., 2006) . Finally, it was demonstrated that AAAs effluxing via TAT1 can be recycled into the cell by the exchanger Lat2-4F2hc
and thereby drive the efflux of other intracellular neutral AAs that are substrates of Lat2-4F2hc (Ramadan et al., 2007) . To investigate the role that TAT1 plays in whole body AA homeostasis maintenance and in epithelial AA transport, we generated a TAT1 knock out (tat1 -/-) mouse and present here its first characterization.
EXPERIMENTAL PROCEDURES
The tat1 knock out mouse model was produced by Ingenium Pharmaceuticals AG (Germany) using ENU (N-ethyl-N-nitrosurea) mutagenesis (Augustin et al., 2005; Keays et al., 2007) . The nonsense mutation in the tat1 gene leads to a premature stop at position 88 (Y88*). The mice were backcrossed 10 times in a C57Bl/6J inbred strain (Charles River, Germany), which was the background of the parental female, whereas the mutagenized sperm was C3HeBFeJ. All animals were housed in standard conditions in normal light cycle and fed a standard diet prior to experiment. All procedures for mouse handling were according to the Swiss Animal Welfare laws and approved by the Kantonales Veterinäramt Zürich.
Immunofluorescence and real-time PCR. The anti-mTAT1 antibody used has been previously characterized (Ramadan et al., 2006) and tissues were processed as described elsewhere . mRNA was extracted and quantified as described before (Ramadan et al., 2006) with the only difference that the reference gene used was HPRT (hypoxanthine guanine phosphoribosyl transferase).
RotaRod Test. Mice were put on a rotating drum with an accelerating (day 1, 6 to 60 rpm) or fixed speed (day 2, average speed reached on day 1) (Ugo Basile, model 47600, Italy) (Sugiura et al., 2005) . The time at which the animal drops off the drum was measured (maximal testing time: 300 s). Five trials were performed on each day. The average value from 4 different experimental days was calculated. (Seaton & Ali, 1984) . Urinary and plasma urea were measured using the diacetyl monoxime method (Wybenga et al., 1971 minutes at 4°C.
Amino acids measurement. The analysis was done by the Functional Genomics
Center Zurich (FGCZ). Samples were deproteinized with 10% sulfosalicylic acid and amino acid concentrations were determined using the MassTrak Amino Acid Analysis 
Micro-SPECT/CT imaging and biodistribution analysis. Imaging and biodistribution
of the aromatic amino acid analog 123I-2-I-L-Phe was performed in wt and tat -/-mice.
123 I-2-I-L-Phe was synthesized as described before (Bauwens et al., 2007) . Animals injected with 123 I-2-I-L-Phe were anesthetized and imaged 30 min after intravenous injection with a micro-SPECT (e.cam 180, Siemens) and a micro-CT (Skyscan 1178, Skyscan, Belgium) system as described before (Lahoutte et al., 2002; Lahoutte et al., 2003; Lahoutte et al., 2004; Bauwens et al., 2007; Vanhove et al.) . Images were visualized with the AMIDE 0.9.1 software, where MicroCT is represented in gray scale and MicroSPECT in NIH colour scale (Loening & Gambhir, 2003) . After imaging, animals were sacrificed and dissected. All major organs and tissues were collected and counted in a gamma camera counter (Canberra, Belgium) and expressed as percentage of injected activity per gram of organ or tissue.
Everted gut sacs. Uptake on first 2/3 of proximal small intestine segments of radiolabeled L-Phe and D-Mannitol was performed as described elsewhere (Nassl et al., 2011) . Shortly, everted gut sacs were incubated for 10 minutes at 37°C in bubbling (95% oxygen and 5% carbon dioxide) Krebs-Tris buffer (pH 7.4) containing 100 µM L- Statistics. Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, USA) and R 2.14 (R Foundation of Statistical Computing). Unless mentioned otherwise, between-group comparisons were performed by Student's unpaired t-test or by repeated-measures one-way analysis of variance, followed by Bonferroni posttest.
Statistical significance was accepted at P<0.05 or as indicated. Data are presented as means ± SEM.
RESULTS
A tat1 knockout mouse (tat1 -/-) was produced by ENU mutagenesis (Ingenium Pharmaceuticals AG, Germany) in the context of the former European EUGINDAT project. The nonsense mutation (Y88*) was confirmed by DNA sequencing and the mice were backcrossed 10 times into C57Bl/6J background. Absence of tat1 expression was confirmed using immunofluorescence and mRNA analysis. The TAT1 protein was indeed not detected in any of the knock out samples tested (Fig. 1, B and D) and the tat1 mRNA levels were decreased in all tested tissues, but in white adipose tissue (Suppl.
Tab. 1a and b, tat1), presumably due to non-sense mediated decay (Maquat, 1995) .
Mild phenotype under normal conditions. tat1 -/-pups grew normally and showed no visible phenotype when compared to their wild type (wt) littermates (Suppl. Fig. 1 ).
Once adult, tat1 -/-mice showed no body weight difference compared to wt (Tab. 1), they were fertile and gave birth to normal litters matching the expected Mendelian distribution (data not shown). AAAs transported by TAT1 such as L-Trp and L-Tyr are known to be precursors of serotonin, catecholamines and thyroid hormone. Thus, the absence of TAT1 transporter could potentially impact on neurotransmitter and thyroid hormone availability and lead to neurological disorders. Although no gross behavioural change was observed, the motor activity and coordination skills of the mice were tested using a RotaRod test (Karl et al., 2003) , which however showed no difference between tat1 -/-and wt littermates (Fig. 2) . In an attempt to exacerbate a potential phenotype, the same experiment was carried out after subjecting the mice to a low protein diet (7% casein) for 5 days, without revealing any difference between the two groups (data not shown). In order to visualize a potential abnormal behaviour of tat1 -/-mice, the animals were video recorded in their normal cage prior and after fasting (data not shown) and their feeding and drinking behaviour recorded for 24 hours in metabolic cages ( Tab. 1 and Suppl. Tab. 2). Again, no difference was observed between tat1 -/-mice and their wt littermates, exept for a slight increase in water intake and urinary volume that was larger than expected from the increased aminoaciduria (see below). A histological analysis of kidney, liver and intestinal segments on haematoxylin eosin stained sections did also not reveal any abnormality (Suppl. Altered homeostasis of aromatic amino acids. To assess the general impact of TAT1 absence on AA homeostasis, we measured the plasma concentration of proteinogenic AAs. Surprisingly, the AAA plasma concentration of tat1 -/-mice was 2, 3 and 7.5 times higher than in wt for L-Phe, L-Trp and L-Tyr, respectively (Fig. 3B) . In contrast, many other AAs were significantly diminished in tat1 observed that can be explained by the increased urea excretion (Table 1 and Suppl. Tab.
2). Indeed, the urea concentration in the urine amounted to ~1350 mmol/l under normal diet and ~1600 mmol/l under high protein diet. tat1 -/-mice displayed similar values as their wt littermates with a more pronounced effect on fluid intake. Upon switch to high protein diet, the plasma AAs remained stable in wt animals with the exception of the branched chain ones (BCAAs) that increased (Fig. 3A) . In tat1 -/-mice, the diet had a similar effect as in wt mice and maintained the peculiar pattern observed under normal diet: an elevated concentration of AAAs and a low concentration of all other AAs, except the BCAAs, which followed the dietary effect observed in the wt (Fig. 3B ).
To Altered epithelial amino acid transport. The analysis of 24 hours urine collected in metabolic cages showed that the dietary switch did not affect the AA excretion in wt animals ( Fig. 5A) . tat1 -/-mice presented an aromatic aminoaciduria under normal protein diet that paralleled the high plasma values (Fig. 5B) . However, under high protein diet, L-Tyr was found to be 64 times more abundant in tat1 -/-than in wt urine and L-Trp and L-Phe, 95 and 9 times, respectively. Furthermore, many other neutral
AAs were also present in higher amounts in tat1 -/-urine (i.e. between 2 and 9 fold), including all other substrates of the Lat2-4F2hc broad selectivity neutral AA exchanger.
This indicates that under normal protein diet tat1 -/-mice had an almost normal or only slightly increased fractional excretion of all AAs. In contrast, the high protein diet provoked in tat1 -/-mice a high urinary excretion of AAs corresponding to a major increase of their fractional excretion. This inability of the kidney to maintain a low fractional excretion was selective of AAs, since all other measured urinary parameters did not display any significant difference between tat1 -/-and wt control mice (Tab. 1).
Since TAT1 is expressed in the basolateral but not in the apical membrane of kidney proximal tubule, we hypothesize that the observed aminoaciduria might derive from an impaired basolateral export rather than from a defective apical import into epithelial cells. To verify this hypothesis, we used the isotopes 123 I-2-I-L-Phe and 125 I-2-I-L-Phe.
These iodinated AAs are used as markers for oncologic imaging outside the brain, since their accumulation reflects the increased AA transport activity of cancer cells (Jager et al., 2001; Lahoutte et al., 2003) . Their biodistribution has already been assessed and their validity demonstrated (Lahoutte et al., 2001; Lahoutte et al., 2003; Lahoutte et al., 2004) . When tested in the Xenopus laevis oocytes expression system, the compound (2-I-L-Phe) was shown to efficiently compete for L-Phe transport, whether mediated by TAT1, Lat4 (Slc43a2) or Lat2-4F2hc (Suppl. Fig. 5 ). Exploiting microSPECT/CT technique, the 123 I-2-I-L-Phe isotope was used for live imaging of its distribution 30 minutes after intravenous injection (Fig. 6) . Indeed a higher accumulation of the compound was clearly detected in both kidneys of the tat1 -/-mouse (Fig. 6B ). This qualitative observation was verified by the quantification of the accumulated counts after sacrifice (n = 3; Fig. 6C ).
Like the kidney proximal tubule, TAT1 is also expressed in the basolateral membrane of epithelial cells along the small intestine (Ramadan et al., 2006) (Suppl. Tab. 1).
Therefore, AA transport was measured in everted gut sacs. A significant accumulation of 3 H-L-Phe was observed in the enterocytes after 10 minute incubation at 37°C (Fig.   7 ). Also a tendency for decreased net transepithelial transport into the serosal compartment was observed. These data support the hypothesis that TAT1 absence reduces the transepithelial transport of AAAs by decreasing their basolateral efflux.
DISCUSSION
Although the lack of TAT1 does not prevent the normal development and fertility of mice, the study of the newly developed tat1 -/-mouse revealed a number of important functions of this low affinity AAA uniporter that impact on body AA homeostasis. For instance, the disruption of TAT1 is shown to prevent the liver of playing its central role for the metabolism of AAAs. It is indeed well known that the accumulation of AAs as response to high protein diet is counteracted by an increase in liver AA catabolism (Moundras et al., 1993) . In particular, the liver is the major metabolic organ for the catabolism of AAAs (Schimassek & Gerok, 1965; Brosnan, 2003) and its failure causes an increase of AAAs in plasma (Fischer et al., 1976; Brosnan, 2003) . This leads to a decrease of the BCAAs / AAAs ratio (Fischer ratio) and the consecutive increase of AAA uptake into the brain has been suggested to be a major cause of hepatic encephalopathy (James et al., 1979; Dejong et al., 2007) . Here we show that plasma AAAs are stably elevated in tat1 -/-mice regardless of the dietary load (Fig. 3) . This increase is reflected in skeletal muscles, suggesting that TAT1 is not necessary for the AAA equilibration between plasma and this compartment ( Fig. 4 ; Suppl. Tab. 1b). In contrast, in the liver of tat1 -/-mice the intracellular AAA values are normal, indicating that the transport between the plasma that contains an elevated AAA concentration and this organ is uncoupled (Fig. 8) . The present data document that tat1 mediates the equilibration of the extracellular AAA concentration with the hepatocytes and suggests that the liver functions as sink for the AAAs and thereby sets their concentration and controls their body homeostasis.
AAAs play important roles in the brain. Both increased and decreased levels are thought to impair brain function, as mentioned above for the increase in AAAs due to liver failure that contributes to hepatic encephalopathy. Dietary L-Trp restriction that was shown in mice to result in altered emotional response to stress and increased locomotor activity is one example in which a decreased level of AAAs leads to an alteration of brain functions (Uchida et al., 2005) . However, a more recent study found no correlation between L-Trp depletion, central serotonin reduction and affective behavioural changes (van Donkelaar et al., 2010) . The lack of signs of hepatic encephalopathy or behavioural disorders in tat1 -/-suggests that the AAA concentration within the brain is normal or at a level that has no gross functional consequences. This suggests that the blood brain barrier function is intact, as expected based on our observation that tat1 is not expressed in mouse blood brain barrier endothelial cells (Lyck et al., 2009 ).
The absence of behavioral and growth alterations also suggests that the lack of TAT1 does not have a major impact on the function of thyroid hormone, although this transporter was shown to facilitate the diffusion of both T3 and T4 (Friesema et al., 2008) . Recent investigations from the laboratory of Heike Heuer indeed confirm that thyroid hormone metabolism is not altered in TAT1 null mice (personal communication).
The placenta is another cellular barrier that expresses TAT1 but for which this transporter appears to be dispensable in laboratory conditions is (Meredith & Christian, 2008) . Indeed, tat1 -/-foetus develop normally and tat1 -/-female mice are normally fertile. After birth, tat1 -/-mice maintain the capacity to absorb AAs from nutritional sources. This indicates that intestinal AA absorption and in particular the basolateral efflux of (aromatic) AAs from enterocytes is possible also in the absence of TAT1. We therefore tested for the upregulation of some other transporters that could compensate for the lack of TAT1. However, none of the other basolateral neutral AA transporters was found to be upregulated at the mRNA level in intestine and kidney, which suggested that the residual AAA transport capacity and potential paracellular transport can compensate for tat1 absence under normal diet.
An important finding is the massive loss of AAAs and more discrete loss of all substrate
AAs of the neutral exchanger Lat2-4F2hc in the urine of tat1 -/-mice under high protein diet (Fig. 5 ). This aminoaciduria implies that the maximal transport capacity for these AAs was exceeded in kidney proximal tubule and reveals the role of TAT1 for epithelial amino acid transport. Furthermore, it is suggested that this (aromatic) AA loss explains the fact that the tat1 -/-mouse plasma AA concentration does not additionally change much under high protein diet. In our assay the urine was collected over 24 hours, whereas the blood was collected once (i.e. 3 hours after the switch to the inactive light phase). It is thus conceivable that under normal protein diet the AA transport rate is near the maximal transport capacity of the proximal tubule, already within the so-called splay, where some nephrons have not the capacity of reabsorbing all substrates. Since the plasma AA levels depend also on nutritional intake and are higher during the absorptive phase, under high protein diet a transient increase in blood AAs might cause the AA spillover. The urinary AA pattern (very high TAT1 substrates, increased Lat2-4F2hc substrates) is in line with the suggested functional cooperation of the uniporter TAT1 with the exchanger Lat2-4F2hc for the net efflux of neutral AAs, as previously shown in the Xenopus laevis expression system (Ramadan et al., 2007) . Interestingly, the loss of L-Phe in the urine was lower than that of L-Tyr and L-Trp. We hypothesize that this is due to the ability of another basolateral uniporter to transport L-Phe. Indeed, we have shown that Lat4 (Slc43a2) is also localized in the basolateral membrane of proximal kidney tubule cells and of small intestine enterocytes (Bodoy et al., 2005) (Mariotta, Guetg and Verrey unpublished data). This transporter was first described by Bodoy et al. in 2005 and shown explain the fact that in the absence of tat1 expression, the liver cannot function as sink for aromatic amino acids (Bodoy et al., 2005) .
To verify that AAAs are efficiently imported luminally into transporting epithelial cells of tat1 -/-mice, where they accumulate due to their inefficient basolateral export and consequently inhibit the apical transport, in vivo microSPECT/CT and ex vivo everted gut sac experiments were performed. The results confirmed the accumulation of tracers inside the epithelial cells ( Fig. 6 and 7) . However, the everted gut sacs experiments did not allow us to detect a significant difference in the net transcellular flux of L-Phe ( Fig.   7 : Serosa). This was due to a substantial residual permeability of the small intestine epithelium of tat1 -/-mice for AAAs that might explain the normal growth of tat1 -/-mice.
This residual permeability is presumably due to a large extent to the contribution of the other uniporter Lat4, as mentioned above. We hypothesize however that a paracellular leak might also contribute to this permeability, as previously suggested for glucose and phosphate (Danisi & Murer, 1991; Pappenheimer, 1993; Ballard et al., 1995) .
A defect in tat1 has been predicted to be the cause of the blue diaper syndrome (Kim et al., 2001; Broer, 2008; Broer & Palacin, 2011) . This syndrome was initially described by Drummond and co-workers in 1964 and appears to be caused by an excess of unabsorbed L-Trp in the intestinal tract (Drummond et al., 1964) . We did not observe any symptom reminiscent of this syndrome in tat1 -/-mice. Furthermore the amount of L-Trp found in the distal part of the small intestine was similar to wt (Suppl. Fig. 6 ) and much less than observed in Hartnup disorder (Singer and Verrey, unpublished results).
In summary, the analysis of tat1 -/-mice confirmed that a complex machinery of AA transporters functionally cooperates for the absorption and distribution of dietary AAs (Fig. 8) . Our data further indicate that TAT1 exerts a major homeostatic function by equilibrating the concentration of AAAs between plasma and hepatocytes, where the AAAs are in turn catabolised. The functional impact of TAT1 absence becomes more evident under high protein diet, when the transport capacity of the kidney is exceeded such that a massive aromatic and also a neutral aminoaciduria appear that contributes in maintaining AA plasma homeostasis. We show that the aminoaciduria originates from an accumulation of AAs in the epithelial cells and we postulate that another basolateral uniporter, Lat4 (Slc43a2), compensates to a substantial extent for the lack of TAT1, in particular for driving the export function of the exchangers Lat2-4F2hc and y + Lat1-4F2hc in small intestine and kidney proximal tubule. (Ramadan et al., 2007) , [2] to (Meier et al., 2002; Park et al., 2005) and [3] to (Bodoy et al., 2005) 
